f Fungal communities play a major role as decomposers in the Earth's ecosystems. Their community-level responses to elevated CO 2 (eCO 2 ), one of the major global change factors impacting ecosystems, are not well understood. Using 28S rRNA gene amplicon sequencing and co-occurrence ecological network approaches, we analyzed the response of soil fungal communities in the BioCON (biodiversity, CO 2 , and N deposition) experimental site in Minnesota, USA, in which a grassland ecosystem has been exposed to eCO 2 for 12 years. Long-term eCO 2 did not significantly change the overall fungal community structure and species richness, but significantly increased community evenness and diversity. The relative abundances of 119 operational taxonomic units (OTU; ϳ27% of the total captured sequences) were changed significantly. Significantly changed OTU under eCO 2 were associated with decreased overall relative abundance of Ascomycota, but increased relative abundance of Basidiomycota. Cooccurrence ecological network analysis indicated that eCO 2 increased fungal community network complexity, as evidenced by higher intermodular and intramodular connectivity and shorter geodesic distance. In contrast, decreased connections for dominant fungal species were observed in the eCO 2 network. Community reassembly of unrelated fungal species into highly connected dense modules was observed. Such changes in the co-occurrence network topology were significantly associated with altered soil and plant properties under eCO 2 , especially with increased plant biomass and NH 4 ؉ availability. This study provided novel insights into how eCO 2 shapes soil fungal communities in grassland ecosystems.
F
ungi represent a significant portion of the microbial community in the Earth biosphere, with an estimated ca. 1.5 to 5.1 million species in total (1, 2). They play a major role as decomposers in natural ecosystems, by degrading organic matters into reusable nutrition in biogeochemical cycling processes (3) . Understanding the fungal diversity, their community structure, and their responses to long-term elevated CO 2 (eCO 2 ) in grassland ecosystems is an important issue in ecology and global change biology, but little is known about the impacts of eCO 2 on the diversity, composition, structure, and function of soil fungal communities due to the high diversity and uncultivable nature of most (Ͼ80%) soil fungi (4) .
Past studies have shown that eCO 2 significantly increases the plant productivity in grassland ecosystems, resulting in more carbon input to the soil (5-10). As consequences, increased carbon input in turn significantly changed bacterial diversity, composition, and structure and increased the functional potential of bacterial communities for carbon degradation and nutrient cycling, although such effects differed across various ecosystems (6, (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . In contrast, fungal biomass and relative abundance of total microbial biomass did not change significantly under eCO 2 in this BioCON (biodiversity, CO 2 , and N deposition) experimental site (6, 21) . Previous studies of fungal responses to eCO 2 were mainly carried out using approaches such as phospholipid fatty-acid analysis, denaturing gradient gel electrophoresis, extracellular enzyme assays, and clone library analysis (6, 12, 16, (21) (22) (23) and mostly focused on mycorrhizal fungi (15, (24) (25) (26) , which have major influences on plant biodiversity and productivity (27) . Those previous studies were focused on fungal carbon degradation, nitrogen cycling, and interactions with plants (26, 28, 29) ; however, knowledge about fungal community-level responses to eCO 2 is still limited, though some efforts have been made recently (12, 30, 31) .
Microorganisms, including bacteria, archaea, viruses, fungi, and protists, interact with each other in soil to form complex interactive networks (32) . Using ecological network approaches, co-occurrence ecological networks of microbial communities can be constructed and analyzed (33) (34) (35) (36) (37) . For example, a global ecological network analysis of the human microbiome revealed 3,005 co-occurrence and coexclusion relationships among 197 clades occurring throughout the human microbiome (34) . For environmental perturbation impacts on microbial network structures, previous studies showed that eCO 2 significantly impacted soil bacterial/archaeal community networks in a grassland ecosystem and that significantly different network structures and increased network complexity were observed in response to eCO 2 (36, 37) .
However, co-occurrence patterns of large soil microorganisms (e.g., fungi and protists) and their responses to eCO 2 have not yet been characterized. Therefore, much can be learned by exploring co-occurrence relationships within fungal communities under eCO 2 using molecular ecological network analysis (MENA) (38) .
In the present study, we aimed to comprehensively survey the fungal community diversity and examine their changes in composition, structure, and co-occurrence patterns in response to eCO 2 in a grassland soil ecosystem. The following two hypotheses were tested: (i) stimulated plant biomass and changed soil properties as a result of eCO 2 would significantly increase the diversity and alter the structure of soil fungal communities, and (ii) such a changed fungal community structure would lead to more effective decomposition of soil organic matters and increase biologically available nitrogen in the soil for maintaining plant growth. To test these hypotheses, we examined the response of fungal communities to long-term eCO 2 in the BioCON experimental site, a 12-year CO 2 manipulation in temperate grassland in central Minnesota, USA, by sequencing 28S rRNA gene amplicons and comparing fungal community co-occurrence networks under ambient CO 2 (aCO 2 ) and eCO 2 . Our results indicated that fungal communities responded to long-term eCO 2 by community reassembly, while overall community structure and species richness were not significantly changed. Such changes of co-occurrence network topology were significantly associated with soil and plant properties. This study provides novel insights into how eCO 2 shapes soil fungal communities in grassland ecosystems, improving our understanding of the effects of eCO 2 on soil fungal communities.
MATERIALS AND METHODS
Site description and sample collection. The study was conducted within the BioCON experimental site located at the Cedar Creek Ecosystem Science Reserve in Minnesota, USA (lat 45.4, long 93.2). The long-term experiment was started in 1997 on a secondary successional grassland on a sandy outwash soil after removing the previous vegetation (9) . BioCON is a split-plot arrangement of treatments in a completely randomized design. The main BioCON field experiment has 296 plots (2 m by 2 m) distributed in six 20-meter-diameter circular areas. CO 2 treatment is the whole-plot factor and is replicated three times among the six rings. The subplot factors of species number and N treatment were assigned randomly and replicated in individual plots among the six rings. In this study, all 24 plots (12 from aCO 2 and 12 from eCO 2 ), with 16 plant species and no additional N supply, were used. A detailed experimental design as well as the location of sampled plots can be found in Fig. S1 in the supplemental material.
All of the 16 plant species used in the present study are native or naturalized to the Cedar Creek Ecosystem Science Reserve and can be classified into four functional groups: (i) four C 3 grasses (Agropyron repens, Bromus inermis, Koeleria cristata, and Poa pratensis), (ii) four C 4 grasses (Andropogon gerardii, Bouteloua gracilis, Schizachyrium scoparium, and Sorghastrum nutans), (iii) four N-fixing legumes (Amorpha canescens, Lespedeza capitata, Lupinus perennis, and Petalostemum villosum), and (iv) four non N-fixing herbaceous species (Achillea millefolium, Anemone cylindrica, Asclepias tuberosa, and Solidago rigida). Plots were regularly manually weeded to remove unwanted species, although the 16 species plots used in this study require minimal weeding.
Bulk soil samples were obtained in July 2009 under ambient and eCO 2 conditions for microbial community analysis, and each sample was composited from five soil cores at a depth of 0 to 15 cm. All samples were immediately transported to the laboratory, frozen and stored at Ϫ80°C for DNA extraction, PCR amplification, and 454 pyrosequencing.
DNA extraction, purification, and quantification. Soil DNA was extracted by freeze-grinding mechanical lysis as described previously (39) and was purified using a low-melting-point agarose gel, followed by phenol extraction for all 24 soil samples collected. DNA quality was assessed by using ratios of 260 to 280 nm and 260 to 230 nm using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Inc., Wilmington, DE), and final soil DNA concentrations were quantified with PicoGreen (40) using a FLUOstar Optima (BMG Labtech, Jena, Germany).
PCR amplification and 454 pyrosequencing. A total of 23 samples instead of 24 were subjected to 454 pyrosequencing due to insufficient remaining DNA for one of the samples. Amplification was performed using a fungal 28S rRNA gene primer pair with the forward primer LR3 (ACCCGCTGAACTTAAGC) and the reverse primer LR0R (CCGTGTT TCAAGACGGG), whose products are expected to be ϳ625 bp (41) . A unique 8-mer barcode was added for each sample at the 5= end of the forward primer. The barcode primers were synthesized by Invitrogen (Carlsbad, CA) and used for the generation of PCR amplicons. Quadruplicate 20-l PCRs were performed as follows: 4 l of Promega GoTaq buffer, 0.5 l of GoTaq DNA polymerase, 1.5 l of Roche 25 mM MgCl 2 , 1 l of Invitrogen 10 mM deoxynucleoside triphosphate mix, 1 l of each primer (10 pmol l Ϫ1 ), 0.2 l of New England BioLabs bovine serum albumin at 10 mg ml Ϫ1 , 1 l of template (1.43 ng DNA/l), and 9.8 l of H 2 O. The cycling conditions were an initial denaturation of 94°C for 3 min, followed by 30 cycles of 94°C for 1 min, 51°C for 40 s, and 72°C for 1 min, and then a final extension at 72°C for 10 min. Replicates were pooled and gel purified using a Qiagen gel purification kit after band excision. The products were further purified using a Qiagen PCR purification kit. After adapter ligation, amplicons were sequenced on an FLX 454 system (454 Life Sciences, Branford, CT) by Macrogen (Seoul, South Korea) using Lib-L kits and processed using the shotgun protocol.
Data analysis. Raw pyrosequencing reads were extracted from the sff file using the sffinfo tool from Roche 454. Two files, a fasta file containing the sequence and a qual file containing the quality information, were generated and then converted into a fastq file using the python script "faqual2fastq2.py" that comes with the UPARSE pipeline (42) . The forward reads were extracted and used for data analysis. Quality filtering, chimera removal, and operational taxonomic unit (OTU) clustering were carried out using the UPARSE pipeline (42) , which is a recently developed approach that identifies highly accurate OTU from amplicon sequencing data. Only the reads with perfectly matched barcodes and maximum of two primer mismatches were kept for further analysis. Barcodes and primers were deleted from reads. The remaining reads were then truncated to 250 bp to ensure higher sequence quality. Reads with expected error of Ͼ0.5 were discarded, which is the default UPARSE parameter and refers to the average number of errors per read that would be found in the sample of reads. The reads were then dereplicated, sorted, and clustered into candidate OTU with an identity cutoff of 0.97. Chimeric OTU were identified and removed by UCHIME by comparing with the LSU reference sequences downloaded from the Silva database (release_111) (43) . Finally, qualified reads were mapped to OTU representative sequences for relative abundance calculation.
Taxonomic assignment for OTU was carried out by RDP classifier using the fungal LSU training data set (41) . OTU representative sequences were aligned by the MUSCLE program (44) , and a phylogenetic tree was built using FASTTREE (45) . Significance tests for different taxonomic groups and OTU were performed by response ratio analysis (46) with a 95% confidence interval. UniFrac principal-coordinate analysis (PCoA) was performed using the online tool Fast Unifrac (47) . Species richness, evenness, and diversity indices were calculated by the Mothur package (48) , with rarefaction analysis of 1,000 bootstrap random sampling iterations and 0.1% incremental sampling efforts. To avoid potential bias caused by sequencing depth, a random subsampling effort of 6,029 reads per sample was performed.
Co-occurrence ecological network construction and analysis. Fungal co-occurrence ecological networks were constructed and analyzed using the online MENA pipeline, which implements random matrix theory (RMT) for threshold identification (38) . In order to construct highly con-fident fungal co-occurrence ecological networks for comparative analysis, several different approaches were applied. First, we used an RMT-based approach to identify a proper threshold for pairwise Pearson correlation coefficient values between OTU. The RMT identifies the threshold by observing a transition point of nearest-neighbor spacing distribution of eigenvalues from Gaussian to Poisson distribution, which are two universal extreme distributions (36) . The RMT-based approach is a reliable and robust tool for network construction and has been successfully applied to construct various networks, including gene regulatory networks (49) (50) (51) (52) (53) , functional molecular ecological networks (36) , and phylogenetic molecular ecological networks (37) . Second, the same cutoff of 0.78 was applied to construct co-occurrence networks for fungal communities at aCO 2 and eCO 2 , with the purpose of comparing between different networks. Since a smaller threshold will result in less reliable and larger networks with more nodes, the same cutoff could effectively eliminate imbalances in network comparisons. Third, only OTU presented in at least six samples were used for Pearson correlation coefficient calculations and zero was filled in for missing values for OTU in paired samples. This made the correlation coefficient between two OTU more statistically reliable. Finally, in order to statistically compare the constructed networks, permutation based null model analysis was developed and applied to statistically evaluate whether the constructed networks are significantly different from random ones as well as that between aCO 2 and eCO 2 networks. Specifically, the matrices for network construction were permutated 100 times, from which 100 random networks were generated by keeping the number of nodes and links constant. A Student test was then performed to evaluate the significance of differences between experimental network structure and random networks and between control and treatment networks. Ecological networks were visualized by Cytoscape (54) .
Linking community structure and network topology with soil and plant properties. To analyze whether the changed fungal community structure and network topology were correlated with soil and plant properties, Mantel tests that calculate the correlation between two matrices were performed. A total of six soil and plant properties, including soil moisture (ca. 0 to 17 cm), pH, midseason in situ net nitrification, ammonification, and N mineralization rates, and total plant biomass, were collected and analyzed. The Euclidean distance was used to construct dissimilarity matrices for both OTU-based tables (community structure, network topology) and environmental variable(s). For Mantel tests of correlations between network topology and soil and plant properties, the correlation between OTU significance (calculated by OTU relative abundance and soil and plant properties) and node connectivity was examined. (More details can be found in reference 38.)
Nucleotide sequence accession number. Raw pyrosequencing data associated with this study were deposited in the NCBI database under accession number SRR1057903.
RESULTS
CO 2 effects on soil and plant characteristics. Because soil and plant properties are directly related with belowground microbial community, the CO 2 effects on soil moisture, pH, mid-season in situ net nitrification, ammonification, and N mineralization rates, and plant biomass were analyzed. No significant change of midseason net soil nitrification rate was found between aCO 2 and eCO 2 samples. However, the net soil ammonification rate was significantly (P Ͻ 0.05) higher in eCO 2 samples than that in aCO 2 samples, resulting in moderately significantly (P Ͻ 0.1) higher net N mineralization rate (Fig. 1A) . The total plant biomass, as expected, also increased significantly (P Ͻ 0.05) as a result of eCO 2 and higher soil N availability (Fig. 1B) . The proportional soil moisture and pH, however, did not change significantly (see Fig.  S2 in the supplemental material), suggesting that the increased plant biomass and soil ammonification could be the major factors affecting belowground microbial communities, including fungal communities.
Sequence summary. Using 454 pyrosequencing, a total of 402,265 raw sequences of 28S rRNA gene amplicons were obtained with an average length of 477 bp for all 23 samples. A total of 339,048 reads (154,541 for aCO 2 samples and 184,507 for eCO 2 samples) were then clustered into 1,975 OTU after quality trimming, dereplication, clustering, and chimera removal by the UPARSE pipeline, with an OTU identity cutoff of 97%. Of the identified 1,975 OTU, 407 were found to be singletons. Taxonomic assignment by RDP classifier showed 1,744 OTU covering 97.9% qualified reads were fungal 28S rRNAs, and the remaining 231 were assigned to Eukaryota incertae sedis, but with Ͻ50% bootstrap confidence. Of these, 734 OTU belonged to Ascomycota, 326 to Chytridiomycota, 298 to Basidiomycota, 96 to Blastocladiomycota, 53 to Glomeromycota, 41 to Neocallimastigomycota, and 2 to Zygomycota.
Long-term eCO 2 did not change the overall fungal community structure, but increased diversity. The overall community FIG 1 eCO 2 effects on soil nitrogen (A) and total plant biomass (B). Soil net nitrification, net ammonification, and net nitrogen mineralization rates were collected and analyzed. The total plant biomass was averaged from the previous 5 years. A significantly increased soil net ammonification rate and total plant biomass were observed. structure between aCO 2 and eCO 2 samples was not significantly different, as revealed by three different nonparametric multivariate analysis methods (adonis: R ϭ 0.04, P ϭ 0.5; ANOSIM: R ϭ 0.03, P ϭ 0.71; MRPP: ␦ ϭ 0.55, P ϭ 0.52). However, clear trend of separation of aCO 2 samples from eCO 2 samples could be observed by UniFrac PCoA that considers the phylogenetic relationship between OTU, indicating potential responses to eCO 2 by subgroups of phylogenetically related fungal species (see Fig. S3 in the supplemental material).
To understand how long-term eCO 2 affects the fungal community diversity, the species richness and community diversity were analyzed by Chao1 index, Shannon evenness, Shannon diversity, and phylogenetic diversity. Shannon diversity treats each OTU as an independent entity (55), and phylogenetic diversity (56) considers the phylogenetic relationship among different OTU. Owing to the close relationship between diversity indices and sequencing depth, a random subsampling effort of 6,029 reads per sample was carried out by excluding four samples (two aCO 2 and two eCO 2 ) with fewer than 3,000 reads. As a result, long-term eCO 2 did not significantly change the overall fungal species richness, because 95% confidence intervals were clearly overlapped (see Fig. S4A in the supplemental material). However, the overall phylogenetic diversity (see Fig. S4B in the supplemental material) and taxonomic diversity (measured by Shannon diversity) (see Fig. S4D in the supplemental material) increased significantly, suggesting increased evenness of phylogenetically distant fungal species (see Fig. S4C in the supplemental material) .
The composition of fungal community in grassland soil ecosystems. With a 50% bootstrap confidence cutoff for taxonomy assignment by RDP classifier, the fungal community in this grassland soil was dominated by Ascomycota (81 and 77% of sequences for aCO 2 and eCO 2 , respectively) and Basidiomycota (11 and 14% of sequences for aCO 2 and eCO 2 , respectively), followed by 1% Fungi incertae sedis, 0.25% Chytridiomycota, 0.05% Blastocladiomycota, and 0.03% Glomeromycota at the phylum level. About 7 and 8% sequences in aCO 2 and eCO 2 samples could not be assigned to any phylum at 50% bootstrap confidence (see Fig. S5A in the supplemental material). At the order level, the most dominant fungal orders were Pleosporales (27.5%), Capnodiales (10.2%), Sordariales (7.5%), Hypocreales (5.4%), Helotiales (4.6%), Agaricales (5.2%), Thelebolales (3.2%), Chaetothyriales (2.6%), Cantharellales (2.3%), Coniochaetales (1.4%), Magnaporthales (1.4%), Xylariales (1.3%), Pezizales (1.3%), and Thelephorales (0.8%) (see Fig. S5B in the supplemental material). These 14 dominant fungal orders accounted for 74.7% of the total 28S rRNA sequences obtained. No significant differences were found for the relative abundances of the above dominant fungal phyla and orders between aCO 2 and eCO 2 samples.
Of the total 1,975 OTU, the top 20 most abundant OTU accounted for 50.3% and 50.2% of the total sequences for aCO 2 and eCO 2 samples, respectively. Three OTU (OTU_1, OTU_3, and OTU_6) had Ն5% relative abundance in both aCO 2 and eCO 2 samples and were assigned to genera Davidiella (70% bootstrap confidence), Corynespora (77% bootstrap confidence), and Didymella (47% bootstrap confidence), respectively. Relative abundance of a total of 119 OTU significantly changed between aCO 2 and eCO 2 samples. Among these, 28 had Ն0.3% average relative abundance in aCO 2 or eCO 2 samples, including 18 from Ascomycota, 7 from Basidiomycota, and 3 from Fungi incertae sedis (Fig.  2) . Five of these significantly changed OTU belong to the top 20 most abundant OTU. A total of 14 of these 28 OTU were found with significantly increased relative abundance in eCO 2 samples, including 7 Ascomycota OTU, 5 Basidiomycota OTU, and 2 incertae sedis fungal OTU. Of the 14 OTU with significantly decreased relative abundance in eCO 2 , 11 were from Ascomycota, 2 from Basidiomycota, and one from incertae sedis fungus (Fig. 2) . Interestingly, these significantly changed OTU under eCO 2 were associated with decreased overall relative abundance of Ascomycota (19.3% in aCO 2 versus 11.5% in eCO 2 ; analysis of variance [ANOVA], P ϭ 0.01), but increased relative abundance of Basidiomycota (3.5% in aCO 2 versus 14.3% in eCO 2 ; ANOVA, P ϭ 0.10). The top three most abundant OTU with significantly increased relative abundance at eCO 2 were OTU_10 (Ramaricium, 11% bootstrap confidence), OTU_2 (Lycoperdon, 78% bootstrap confidence), and OTU_11 (Lophiostoma, 59% bootstrap confidence). The top four most abundant OTU with significantly decreased relative abundance were OTU_5 (Alternaria, 100% bootstrap confidence), OTU_8 (Delitschia, 27% bootstrap confidence), OTU_34 (Cudoniella, 19% bootstrap confidence), and OTU_1351 (Thanatephorus, 31% bootstrap confidence). These 28 significantly changed OTU accounted for 24.2 and 19.01% of the total captured sequences in eCO 2 and eCO 2 samples, respectively, while the total 119 significantly changed OTU accounted for 27.9 and 24.8% of aCO 2 and eCO 2 samples, respectively (Fig. 2) .
The co-occurrence networks of fungal communities and their responses to eCO 2 . In order to understand how fungal communities assemble and whether long-term eCO 2 affects the fungal community network topology, co-occurrence ecological networks were constructed for aCO 2 and eCO 2 fungal communities. To ensure the constructed networks are nonrandom biologically meaningful networks, permutation null model analysis was developed and performed by generating 100 networks from the same matrix but randomized. As a result, the constructed networks are significantly different from random networks, as judged by significantly higher geodesic distance, clustering coefficient, and modularity (see Table S1 in the supplemental material). Network comparisons were then carried out at both global level and subnetwork level of selected nodes. The constructed aCO 2 fungal network contained 271 nodes (OTU), 647 links, and 19 modules (12 with Ն3 nodes), with an average connectivity of 4.78, an average geodesic distance of 6.0, and a modularity of 0.86, while the eCO 2 network had 226 nodes, 600 links, and 13 modules (9 with Ն3 nodes), with an average connectivity of 5.31, average geodesic distance of 5.34, and modularity of 0.80 (see Table S1 and Fig. S6 in the supplemental material). Although the eCO 2 network contained fewer nodes and links, it is more complex than the aCO 2 network regarding the average connectivity, geodesic distance, and modularity, since the Student t test showed that the average geodesic distance and modularity were significantly smaller in the eCO 2 network, suggesting that the nodes in eCO 2 network were more intensely connected with each other (see Table S1 in the supplemental material). Both networks were dominated by OTU from Ascomycota, which is also the dominant phylum in the fungal community (see Fig. S6 in the supplemental material) . For the 9 modules with Ն3 nodes in the eCO 2 network, 92 intermodular connections that linked different modules together were observed. In contrast, only 41 intermodular links were found for the 12 modules in the aCO 2 network. Since modules are composed of different fungal OTU/species that have higher connectivity with within module members than outside module members, these modules could be regarded as putative microbial ecological niches (36) . Thus, increased intermodular connections might indicate increased relationships between different fungal community "niches," leading to more collaboration between different fungal subcommunities. In addition, more negative links were found in the eCO 2 network than in the aCO 2 network (47 in eCO 2 versus 37 in aCO 2 ), suggesting that eCO 2 may also have increased competition or heterogeneity of fungal species.
In addition to our comparisons of global network topological parameters between aCO 2 and eCO 2 networks, we also analyzed the effect of eCO 2 on subnetworks of fungal communities. Interestingly, 31 nodes that were sparsely distributed in 13 independent modules in the aCO 2 network (Fig. 3A) formed five dense modules with high connectivity in the eCO 2 network (Fig. 3B) . Such interesting community reassembly process was not as obviously observed in the converse manner, i.e., dense aCO 2 modules did not separate into sparse individual nodes in eCO 2 networks. Of the 31 nodes, 27 were connected to each other in two major modules, and four of the five submodules were connected to another one (Fig. 3B) . This was also consistent with the global observation that eCO 2 increased the intermodular connections. However, increased connectivity was not found for all the nodes in the eCO 2 network. For example, in the aCO 2 network, seven OTU with high relative abundances (Ն2%) were connected with 37 first neighbors and formed relatively complex subnetworks with 145 links (Fig. 4A ). In the eCO 2 network, although 5 of the 7 OTU remained as the most abundant OTU in the network, they only connected to 20 neighbors with 31 links (Fig. 4B) , resulting in much simpler network structure. The results indicated that long-term eCO 2 decreased the connectivity of OTU with high relative abundances but increased the connectivity for OTU with lower relative abundances.
Linking fungal community structure and network topology with soil and plant properties. To determine whether the fungal community structure and changed co-occurrence network topology were associated with soil and plant properties, Mantel test was performed. The relationships between community structure and soil moisture (0ϳ17 cm), pH, mid-season in situ net nitrification, ammonification, and N mineralization rates, and total plant biomass were analyzed (Table 1) . Consistent with our dissimilarity testing that the community structure did not differ from each other, no significant (R ϭ Ϫ0.259, P ϭ 0.981) correlation was observed between the overall community structure and the overall soil and plant properties, nor with any single soil and plant properties (Table 1) .
For Mantel tests between network topology and soil and plant properties, the trait-based OTU significance measure was used to determine a common group of soil and plant properties important to the network structure (37) . Mantel test of network topology and each soil and plant property showed soil ammonification and total plant biomass to be the major factors responsible for changed network topology (Table 1 ). There was a significant correlation between node connectivity and OTU significance of the selected soil variables based on all nodes (OTU) with P ϭ 0.001 (Table 2) . Not all nodes in the network showed significant correlations with soil ammonification rate and plant biomass. Significant correlations mainly occurred for OTU belonging to Ascomycota (P ϭ 0.001), Basidiomycota (P ϭ 0.04) and incertae sedis fungi (P ϭ 0.006). All the four major orders in Ascomycota, including Sordariomycetes (P ϭ 0.001), Dothideomycetes (P ϭ 0.001), Leotiomycetes (P ϭ 0.02), and Lecanoromycetes (P ϭ 0.02), were significantly correlated with soil and plant properties ( Table 2 ). For the aCO 2 co-occurrence network, as expected, no significant correlations were found between the node connectivity and OTU significance of the selected soil and plant variables except Sordariomycetes, Fungi incertae sedis, and Blastocladiomycota (Table 2 ). These results suggest that the changes of the cooccurrence fungal ecological network topology were significantly associated with increased soil ammonification rate and plant biomass under long-term eCO 2 and that OTU belonging to Ascomycota were mainly responsible for such changes.
DISCUSSION
Understanding the response of fungal communities to elevated atmospheric CO 2 is important for global change biology. This study comprehensively surveyed soil fungal communities under aCO 2 and eCO 2 by 454 pyrosequencing of 28S rRNA gene amplicons and RMT-based ecological network analysis. Our results indicated several interesting mechanisms for how fungal communities respond to long-term eCO 2 . First, long-term eCO 2 did not significantly change the overall fungal community structure and species richness, but increased fungal diversity with higher evenness of overall abundance. Second, co-occurrence network analysis suggested that fungal communities respond to long-term eCO 2 by community reassembly. Third, such changed co-occurrence network topology was significantly correlated with increased soil ammonification rate and plant biomass, and OTU belonging to Ascomycota were mainly responsible for such changes. These results will provide novel insights on how the ongoing global elevated atmospheric CO 2 affects the Earth's fungal community.
Our first hypothesis is that long-term eCO 2 would change the fungal community structure and diversity due to changed soil and plant properties. Unexpectedly, we did not see significant changes of overall fungal community structure and species richness between aCO 2 and eCO 2 samples, as revealed by dissimilarity analysis. However, clear trend of separation could be observed by UniFrac PCoA that considers the phylogenetic relationship among OTU. Both taxonomic and phylogenetic diversity increased as a result of higher species evenness of overall abundance. Although no significant differences were observed at the phylum/order level, relative abundances of 119 OTU (ca. 27% of all captured sequences) were significantly different between aCO 2 and eCO 2 fungal communities. Interestingly, decreased and increased overall relative abundances of Ascomycota and Basidiomycota in eCO 2 samples were observed for the 119 OTU. Compared to the recent study in a forest FACE site by Weber et al. (31) , our results were generally consistent that eCO 2 had no significant effects on high-level fungal groups when relative abundances for all OTU were considered. Our results were also consistent with a previous study that the fungal richness was not significantly affected by eCO 2 (57) .
Another objective of the present study was to determine the diversity and composition of fungal communities in the BioCON grassland ecosystem. The grassland soil ecosystem in the BioCON experimental site in Minnesota was dominated by Ascomycota (81% at aCO 2 and 77% at eCO 2 ) and Basidiomycota (11% at aCO 2 and 14% at eCO 2 ). Compared to the reports by previous studies (31, (58) (59) (60) (61) , fungal community composition in soil varied greatly across different types of soil ecosystems. Such variations in fungal community composition between different studies might be caused by different coverage of different primer sets or phylogenetic markers (such as ITS versus 28S) (62) , but more likely caused by plant species, soil, and/or climate differences (58) . Nonetheless, all of these studies suggested Ascomycota and Basidiomycota to be the dominant fungal phyla in soil ecosystems. Notably, we found that only ca. 0.03% of reads (53 OTU) were from Glomeromycota. Glomeromycota is the phylum that most arbuscular mycorrhizal fungi belong to and was previously reported to be dominant in grasslands (63) and widespread among different global ecosystems (64) . Since a previous study using the same primer set identified at least 15% Glomeromycota in an Oklahoma tallgrass prairie soil, the low relative abundance of Glomeromycota identified here did not arise from the primer set used for PCR amplification, which was also verified by the NCBI primer tool (60) . Since arbuscular mycorrhizal fungi form symbioses with many herbaceous land plants, the low relative abundance of Glomeromycota may result from different plant species composition in these ecosystems because fine roots were not removed prior to DNA extraction and rhizosphere soil and bulk soil were not specifically distinguished during sampling process in either study.
Our second hypothesis is that the changed fungal community would lead to more effective decomposition of soil organic matters and increase biologically available nitrogen in the soil for maintaining plant growth. To test this hypothesis, co-occurrence ecological network analysis was implemented. Ecological network analysis is a systems-level method to identify species interactions/ co-occurrence within an ecosystem that cannot be directly observed (65) . Similar to the food web network analyses in macroecosystems, microorganisms, including fungi, should also form complex interactions with positive or negative impacts on other species (32) . "It would not be surprising to see entire patterns of community organization jumbled as a result of global change" (67) . Similarly, changed co-occurrence network topology is expected for fungal communities. Our comparative analysis of fungal co-occurrence networks verified our hypothesis and indicated that long-term eCO 2 affected the fungal community in the following ways. First, eCO 2 increased the complexity of co-occurrence patterns within the fungal community, as evidenced by increased intermodular and intramodular connectivity, decreased geodesic distance, and decreased modularity, suggesting more intense interspecies correlations. Second, eCO 2 increased negative relationships between fungal species/OTU with lower relative abundances (all Ͻ1%, except one), suggesting that increased carbon inputs into soil increased competition between less dominant fungal species. Third, eCO 2 decreased the connectivity for abundant OTU. In the aCO 2 network, dominant OTU formed relatively complex networks by co-occurring with other less abundant ones, while in the eCO 2 network, much fewer connections were observed for the same dominant OTU. Finally, eCO 2 promoted fungal community reassembly. At least 31 OTU that were sparsely distributed in different modules in the aCO 2 network became connected with each other and formed dense modules in the eCO 2 network, suggesting a possible community reassembly process. Interestingly, the changed fungal network topology under eCO 2 was significantly correlated with increased plant biomass and NH 4 ϩ availability in the soil. This indicated that the increased plant biomass and NH 4 ϩ availability in the soil might be the driving force for the changed network topologies, providing novel insights into how fungal communities respond to eCO 2 . Fungal communities are well known as decomposers in the ecosystem, by degrading organic matters into biologically available nutrients (26, 68, 69) . Under eCO 2 , both aboveground and belowground plant biomass was stimulated (5-10), providing more organic matters for fungal communities as well as proposing higher demand for biologically available nitrogen (8, (70) (71) (72) . Statistical testing suggested significant correlations between the changed network topology and increased soil ammonification rate and plant biomass. Such increased network complexity was not only observed in fungal communities. Bacterial communities responded similarly to eCO 2 , as revealed by both phylogenetic and functional microbial ecological networks (36, 37) .
In conclusion, our study suggested that microbial fungal communities mainly responded to long-term eCO 2 by community reassembly with overall community structure and species richness unchanged. Such responses were closely related with altered soil and plant properties, especially with increased plant biomass and NH 4 ϩ availability in soil, and thus were expected to sustain as long as the plant biomass is stimulated by eCO 2 . However, studies have shown that the microbial decomposition and plant biomass stimulation by eCO 2 were constrained by limited nitrogen availability in natural soil ecosystems (69, 71, 72) . Therefore, the described responses of fungal community to eCO 2 may be subject to change when a new balance between microbial decomposition, plant biomass and nitrogen availability is reached.
